Two kinds of spin precession modes in diluted magnetic semiconductors 
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Time-resolved Kerr rotation experiments show that two kinds of spin modes exist in diluted 
magnetic semiconductors: (i) coupled electron-magnetic ion spin excitations and (ii) excitations of 
magnetic ion spin subsystem, which are decoupled from electron spins. The latter modes exhibit 
much longer spin coherence time and require a description, which goes beyond the mean field 
approximation. 



PACS numbers: 75.50.Pp, 73.21.-b, 78.47.J- 

Diluted magnetic semiconductors (DMS) are well rec- 
ognized as spin-model systems, and are considered as par- 
ticularly attractive components for hybrid spintronic de- 
vices In a DMS, a small fraction of the cations is 
randomly substituted by magnetic ions, i. e. manganese 
(Mn). Their most important properties, such as ferro- 
magnetic phase transition and spin excitations dynamics 
are controlled by the interaction between the spins of 
itinerant carriers and the spins of the magnetic ions. 

At low magnetic field, the exchange interaction 
strongly amplify the spin precession frequency of the 
carriers. At higher fields the exchange field saturates, 
and the spin precession frequency gets controlled by Zee- 
man splitting. This allows to vary the detuning be- 
tween carrier spins precession frequency Ue and Mn spins 
precession frequency LOm- Under resonance conditions, 
Ue = tOm, electron and ions spin excitations are strongly 
coupled, which results in the formation of two collective 
spin precession modes Q, Q. They correspond to the 
in-phase and anti-phase spin precession of the average 
electron and ion spins (Fig. la, b). Their frequencies are 
given by the well known formula for the two coupled os- 
cillators : 



where 5 is the interaction energy (Fig. Id, solid lines). 
At resonance field the key characteristics of the coupled 
modes are the avoided crossing and the identical deco- 
herence time. The later is limited by the electron spin 
relaxation, which is much faster than the spin relaxation 
of the ions. 

In this Letter we show, that another kind of spin exci- 
tations exists in DMS. Despite the strong resonant cou- 
pling of the Mn spins to the carriers, these modes ap- 
pear to be pure Mn spin excitations, which do not in- 
volve electron spin. We don't observe neither the fre- 



quency shift with respect to the bare Mn spin precession 
(Fig. Id, dashed line), nor acceleration of the magnetic 
ions spin relaxation under resonant conditions. In or- 
der to interpret this astonishing fact we go beyond the 
standard description in terms of average electron and ion 
spins interaction. The decoupled modes appear to have 
the distributions of the out-of-equilibrium components of 
Mn spins such that the exchange field that they create 
on the electrons is zero, so that electron spin stays at 
equilibrium (Fig.lc). 

The samples that we study are two n-type CdMnTe 
quantum wells with two-dimensional concentration of 
magnetic ions rim = 2.4 • 10^'^ cm~^. Electron concentra- 
tions are He = 0.7 • 10^^ cm~^ (sample 1), rie = 2.2 • 10^^ 
cm~2 (sample 2). The well width is w =100 A [1]. 

The spin excitations are identified using all-optical spin 
resonance technique The 100 fs pulses produced by 
a mode- locked Al203:Ti laser with a repetition rate of 
82 MHz are spectrally filtered to obtain ~1.5 ps pulses 
tuned to the heavy hole exciton transition. The laser 
light beam is separated into the pump (200 /iW) and 
probe (100 /iW) The polarization of the pump is modu- 
lated between left and right helicities at 50 kHz, in addi- 
tion to the intensity modulation of both pump and probe 
beams. Both beams are focused on the 200 /zm diameter 
spot on the surface of the sample. The pump-induced 
rotation of the linear polarization of the reflected probe 
(Kerr rotation) is measured as a function of delay be- 
tween pump and probe pulses. It is usually assumed to 
be proportional to the spin polarization in the direction 
of the light. The sample is placed in the cryostat at 
T = 2 K under magnetic field i? ~ 6 T in the plane of 
the sample (along z-axis). 

Let us consider what happens when DMS quantum 
well is excited by the pump pulse. Prior to the excita- 
tion the magnetic ions are strongly spin polarized in z 
direction. Circularly polarized pump pulses create in the 
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FIG. 1: (Color online) Schematic representation of the mean 
field spin precession modes (a,b) and the long-living mode, 
where the magnetic ions are decoupled from the carriers (c). 
Dashed lines map the distribution of the transverse spin com- 
ponent for the magnetic ions. Arrows are the snapshot of the 
precessing spin vectors of magnetic ions (long arrows shown in 
the center and at the interfaces) and electron (short arrows). 
Field dependence of the mode frequencies are shown in (d). 
The inset enlarges the resonance region. 
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FIG. 2: (Color online) Time-resolved Kerr rotation signal un- 
der magnetic field from 5.5 T to 6.1 T (a) and the correspond- 
ing Fourier spectra (b). 



quantum well about 10^° cm"^ electrons and holes spin 
polarized normal to the plane, in the x-direction. The 
hole spin is locked in this direction, because the ^-factor 
of the hole is vanishing in the direction perpendicular to 
the quantum well axis. Nevertheless, the hole spin acts 
on the magnetic ion spins as an effective magnetic field, 
until the hole spin is fully relaxed (t/j ^^5 ps). It coher- 
ently rotates the spins of the magnetic ions away from the 
^-direction and initiates the precession of the Mn spins 
around the total magnetic field, created by photocreated 
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FIG. 3: (Color online) Spin precession frequencies (a) and 
spin coherence times (b) extracted from the data shown in 
Fig. 2a. Symbols show the experimental data, lines are the 
the best fit obtained using Eq. (1) assuming electron spin po- 
larization of 70%. Soled lines indicate the collective modes, 
dashed lines show Mn spin excitations decoupled from elec- 
trons. 



carriers and the external field Q. The electron spin is 
also expected to precess around the field, created by the 
hole spins, Mn spins and the external field. Thus, because 
Kerr rotation signal is proportional to the x-component 
of the magnetization in the sample, we expect to measure 
the dynamics of the optically generated transverse spin 
component resulting from the ensemble of the interacting 
spin subsystems. 

Fig. 2 shows a set of Kerr rotation measurements under 
magnetic fields from 5.7 to 6.1 T for the sample 1 (a) and 
the corresponding Fourier spectra obtained after the fit- 
ting procedure (b) [l^l- We identify in these curves four 
different components. The first one is the exponential 
decay of the signal during first ~5 ps after the excita- 
tion. It is due to the hole spin relaxation. Two other 
components are the damped cosines, the corresponding 
decay times and frequencies strongly vary from 5.7 to 
6. IT. The frequencies are plotted as a function of mag- 
netic field in Fig. 3a (circles and squares). One can see 
a clear anticrossing behavior. These are the collective 
modes discussed in Refs. [1, Q, where precessing elec- 
tron an Mn spins are strongly coupled. Fig. 3b shows 
the relaxation times of the collective modes. As it can be 
expected for the two coupled oscillators with very differ- 
ent quality factors (like electron and magnetic ion spins), 
the spin relaxation time of the Mn-like mode (circles) is 
dramatically reduced in the vicinity of the resonance. 

However, careful analysis of the data shows that the 
correct description of the signal imposes taking into ac- 
count a forth oscillating component (Fig. 2). It is re- 
lated to another, unexpected spin precession mode. It 
has the longest relaxation time, which could not be pre- 
cisely determined, but estimated to be at least of 2000 
ps. The field dependence of this long-living mode fre- 
quency is linear, and is given by the g-factor of 2.02, 
which corresponds precisely to the Mn spin ^-factor (Fig. 
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3, triangles) [1], 0. It is unlikely due to the spatial re- 
gions in the well where the carriers are absent. Indeed, 
in both samples the electron gas is strongly degenerate 
and the electrons are fully delocalized in the plane of the 
quantum well [4j|. The existence of the long- living spin 
excitations is further corroborated by the resistively de- 
tected electron paramagnetic resonance experiments of 
Ref. 0, where an additional feature at the Mn spin res- 
onance frequency was detected, though not discussed in 
the paper. 

We develop here the model for the electron gas coupled 
to the magnetic ions, which allows for the description of 
both the complex spectrum of the spin excitations in this 
system and the dephasing of the modes. It is based on 
the standard Hamiltonian: 

H = Ho + V + gel^B 51(^/5^) + 9n^^^B^{JkB) - 

13 k 

aY,5{vfi^Yik){Sfi3k). (2) 

p,k 

Here defines the kinetic and potential energy of the 
electrons confined in the quantum well, V is the impurity 
scattering potential, including the potential of magnetic 
ions. S^, Jfc are electron and magnetic ion spin operators, 
respectively. The g-factors of electrons and Mn are ge = 
— 1.5 and gm — 2, respectively, is the Bohr magneton 
[ll[. The last term in the Hamiltonian ([2]) describes the 
exchange interaction of the ferromagnetic type between 
the electrons and Mn spins, a = 1.5 x 10"^"^ eV/axi^. 
Vectors Rfc and denote the positions of the ions and 
the electrons, respectively. 

We limit our consideration to the strong fields B ~ 
5 — 6 T, so that at equilibrium the magnetic ions are 
almost fully polarized in the direction opposite to the 
magnetic field and — —5/2. The polarization of the 
electrons is mainly determined by the strong exchange 
field created by the spin polarized ions and thus oriented 
in the same direction. 

Starting from the Hamiltonian ^ we derive the equa- 
tions of motion for the electron and Mn spin operators 
and average them over the initial state, where both elec- 
tron and ion spins are slightly tilted with respect to their 
orientation at equilibrium. Bearing in mind that the 
non-equilibrium components of all the spins are small, 
with respect to their equilibrium components, we lin- 
earize the equations of motion about the equilibrium 
spin values Sz and Jz- In order to simplify the calcula- 
tions we assume the continuous density of the magnetic 
ions and replace the summations over their coordinates 
by the integration according to — s- (rim/w) J (PR, 
where w is the width of the quantum well. This as- 
sumption seems reasonable because the concentration of 
the ions is much larger than the concentration of the 
electrons, so that a volume defined by the electron de 
Broglie wavelength contains ^ 500 ions. Besides, we 
suppose that the magnetic ion spins are excited homo- 
geneously in the plane of the sample. We end up with 



two equations of motion for the average non-equilibrium 
spin components normalized by the corresponding equi- 
librium spin values, a{t) = {Sx{t) + iSy{t))/Sz for elec- 
trons and j{x,t) = (Jx{x,t) + ijy{x,t))/ Jz for magnetic 
ions. Looking for the solutions in the form a{t) — croe*'^* 
and j{x,t) — jo(a^)e*"* we obtain the equation on the 
eigenfrequencies to and eigenvectors {(Jq, jQ{x)): 

wctq = ileO-Q - Ajo + i— (3) 

ujjaix) = {n„i + KK{x))jo{x) - Kwx^{x)(To (4) 

where x(a;) is the electron wavefunction at the lowest 
quantized state, f2e = gelJ-sB/h + A, A = —an^Jz/wh, 
= grnfJ-sB/h, K = -gUeS t. / wH, k{x) = wx^ix) - 1, 
jo — x'^{x)ja{x)dx [iJl- Here we account for the 
short electron spin relaxation time Tg by introducing phe- 
nomenologically the relaxation term in Eq. ([3|. 

The first terms in the righthand part of the Eqs. ^ 
and ^ describe the precession of the electron and ion 
spins. Both corresponding frequencies contain two con- 
tributions. The first one comes from the Zeeman ef- 
fect, while the second accounts for the exchange field 
created by the equilibrium spin polarization of the ions 
and electrons, respectively. For electrons, the precession 
frequency is mainly determined by the exchange field. 
This field depends on the equilibrium polarization of the 
ions, which is given by the Brillouin function, saturat- 
ing at B ~ 5 T. Therefore, because < in CdMnTe, 
the electron spin precession frequency decreases with the 
magnetic field above 5 T. In contrast, x-dependent ex- 
change contribution in the spin precession of the ions is 
very small compared to the Zeeman contribution (in our 
sample three orders of magnitude smaller). While it can 
be neglected in the eigen frequencies calculation proce- 
dure, it appears to be important for the calculation of 
the relaxation times. 

Now it is convenient to come back to the discrete form 
of Eqs. ^ and The two-dimensional layer decom- 
poses naturally into N components, where N is the num- 
ber of the atomic layers in the quantum well. Denoting 
by Xn the coordinates of these layers we obtain: 

WCTo = ileO-Q - Ajo +i— (5) 

Ojjn = (ri„i + KKn)jn - KwxIcTq (6) 

where k„ = k(x„), xl = X^i^n), and jo = 
^/^^n=i Xn- Let us first neglect the small term Kk^ 
in the righthand part of the Eq. ^ . The resulting equa- 
tions can be easily solved analytically. They have two 
solutions for do and jo with frequencies uj± given by 
([1]), where tUe = + i/Te and ujm = ^m, = rjAK, 
T] = w x'^{x)dx U3L These are the collective modes 
discussed in Ref. ([Ijl]) [l3l- Our model allows also for 
the estimation of their relaxation times. At resonance 
the relaxation times of both collective modes are equal 
T = 2Te. The calculated frequencies and the decay times 
of the collective modes are shown in Fig. 3 by solid lines. 
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they are in good agreement with the experimental data. 
Note, that the spin polarization degree of the electron gas 
is the only fitting parameter in this calculation ( 70% in 
sample f ), the electron spin decay time Tg = 15 ps being 
extracted from the fit of the Kerr rotation signal at low 
magnetic fields, i.e. far from the resonance. 

However, the possible spin excitations are not ex- 
hausted by the above collective modes. Indeed, in the 
approximation made above {Knn ~ 0) Eqs. (O and ([6]) 
are satisfied if the electron spin is not excited, so that 
CTq = 0, and at the same time jo = (Fig. Ic). These 
conditions describe the excitations for which the total ex- 
change field created by the non-equilibrium components 
of the ion spins are zero, and therefore they do not affect 
the equilibrium electron spin. The corresponding eigen- 
frequency lo = flm fits the experimental results (dashed 
line in Fig. 3a). The number of such degenerate modes 
is iV — 1. The relaxation time associated with each of 
these modes is infinite [15i], as far as the correction Knn 
is neglected in Eq. 

Let us now take into account the correction Knn- The 
Eqs. ([5]) and ^ can still be solved analytically. As a re- 
sult we obtain that the collective modes frequencies uj± 
and relaxation times are only slightly affected by this 
term. Its main effect is the lifting of the degeneracy of 
the N-1 "everlasting" modes, leading to the broadening 
of the corresponding spin resonance Slu ~ K. One can 
show, that approximately half of these modes remains 
decoupled from the electron spin, and therefore does not 
decay. The remaining modes weakly interact with the 
electrons and thus acquire a relaxation time of the order 
of TgA/if. In our experiments TeA/K >> 1/K. There- 
fore we expect the decay of the Kerr rotation signal from 
the long-living spin excitations at the frequency f2m after 
a characteristic time Tm 1 /K ~ 1 ns. This is a good or- 
der of magnitude (dashed line in Fig. 3b), while it is much 
shorter than any homogeneous relaxation time fs*]. Thus, 
at resonance, Mn spin dephasing due to non-uniform dis- 
tribution of the electron density in the growth direction 
appears to be the dominant spin decay mechanism. 

Finally, we discuss the possible source of the electron 
spin relaxation Tg ~15 ps. This value is considerably 



shorter than the theoretical predictions [lg|. We sug- 
gest, that electron spin dephasing is governed by the 
fluctuations of the exchange field created by the ions 
on the scale of the electron wavelength A and, there- 
fore, it is intimately related with the fluctuations of 
the concentration of the ions on this scale. This ef- 
fect is missing in the Eqs. (O-®, which are written 
assuming continuous and homogeneous distribution of 
the ion density. The estimation for our sample leads to 
I/tg ~ {ct/fiX^)y/nmX^ ~ [a/h)^n,^ne ~ 10^^ s~^ in 
good agreement with the experimental value. Thus, we 
assert that the dephasing of both electron and Mn spin 
excitations is governed by the spatial inhomogeneity of 
the corresponding exchange fields, and is stronger for the 
electrons Te « Tm because their concentration is much 
smaller than Mn concentration. 

In conclusion, we have identified a new kind of spin 
excitations in DMS quantum wells. These excitations 
do not involve electrons, which are at equilibrium, while 
the Mn spins precess as if they were not affected by the 
exchange interaction. Neither their frequency, nor their 
relaxation time is affected by the strong exchange inter- 
action with electron spin. The formation of the collec- 
tive modes discovered by Teran at al [1| is shown to be 
responsible for the dramatic reduction of the Mn spin re- 
laxation time under resonant conditions. We are able to 
interpret the ensemble of the experimental observations 
in the framework of a simple semiclassical model going 
beyond the mean field approximation. 
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